For a coherent nucleus the strain component must be added to the volume term and AG, is replaced by AG, + 6 where 6 is the strain energy per unit volume of nucleus.
Clemm and Fisher [I] were the first to point out that the free energy barrier AG* can be reduced if nucleation occurs at a grain boundary, grain corner or grain edge because at these sites the energy lost by the elimination of a portion of the boundary plane can be used to reduce the barrier to precipitate nucleation. The problem of determining the efficiency of a boundary nucleation site is that of relating the volume of the nucleus to the area of the boundary replaced. For the nucleation of an incoherent grain boundary precipitate (allotriomorph), the shape of which is governed solely by the relative grain boundary and interfacial energies, figure 2a, FIG. 2. -Shapes of grain boundary nucleus for ( a ) incoherent allotriomorph, ( b ) allotriomorph with one high-energy and one low-energy interface and ( c ) disk with two high-energy interfaces on a symmetric tilt boundary. o ,~ and om, are the nucleus/matrix and grain boundary interfacial energies, respectively.
where f(0) = (2 -3 cos 0 + cos3 0)/4 and (4) 0 is the contact angle between the p nucleus and the a phase (2 0 is the included angle between the nucleus and the grain boundary). The variation in the value of f (0) with 0 is shown in figure 3 [2] :
when the contact angle tends to zero -efficient wetting of the boundary by the precipitate nucleus -the catalytic efficiency of the grain boundary as a nucleation site increases ; as 0 approaches 180" the efficiency of the grain boundary as a nucleation site approaches that of the matrix. At a grain edge or corner the surface area of grain boundary destroyed relative to the volume of the nucleus will be larger than for a simple boundary, and for a given contact angle the site potency for nucleation will increase in the following sequence : grain boundary, grain corner and grain edge.
0"
FIG. 3. -The variation in the function f (0) with 0 (from Hirth and Pound, reference [2] ).
Using the results of Clemm and Fisher [l], Cahn [3] calculated the nucleation rates for incoherent nuclei and isotropic surface tension at grain boundaries, grain corners and grain edges. In figure 4 the conditions giving the highest volume FIG. 4 . -Variation in highest volume-nucleation rate for grain boundaries, grain edges, grain corners and homogeneous nucleation. The opposing factors D/6, the ratio of grain diameter to boundary thickness, and the homogeneous nucleation barrier 16 7ru&/3 AG: are plotted vertically and the ratio u, , / uap horizontally (from Cahn, reference [3] ).
nucleation rate are indicated for grain boundaries, grain edges and grain corners. The opposing factors D/S, the ratio of grain diameter to boundary thickness, and the homogeneous nucleation barrier 16 7 1~2~/ 3 AG? are plotted vertically and the ratio u,, to ue horizontally (Cahn, reference [3] ). With complete wetting of the grain boundary by the nucleus there is no barrier to nucleation as soon as AG, < 0. At the other extreme -no wetting -the efficiency of all boundary nucleation sites decreases relative to homogeneous nucleation. A low value of AG,, corresponding to a low driving force (perhaps the result of a small undercooling), in combination with a high value of u,,/uap, favours grain boundary nucleation ; for a high value of AG, and a low boundary catalytic efficiency, homogeneous nucleation is preferred.
Russell has examined the kinetics of homogeneous nucleation [4, 51 and nucleation at grain boundaries 15, 63 ; the following summary is based on his analysis. Before steady-state nucleation is obtained, a concentration of clusters up to the critical size must be established by the reactions between clusters and molecules. The nucleation rate during this interval is given by [7] where J(t) is the transient nucleation rate and J(s) the steady state nucleation rate in nuclei cmv3 s-I, is the incubation time and t is time. For hpmogeneous nucleation (8) the steady-state nucleation rate, J(s) is given by where Z is the Zeldovich non-equilibrium factor and is approximately equal to 0.1, fi* is the frequency factor, the rate at which single atoms add onto the critical nucleus, and C* is the metastable equilibrium concentration of clusters of composition t containing n solute molecules.
where N is the total number of atoms per unit volume.
Russell [5, 61 has applied the principle of time reversal -that fluctuations must arise and decay in the same way -to the formation of a cluster of critical size r* containing a critical number of solute atoms n* for the case of homogeneous nucleation and for various geometries of grain boundary nuclei. In his model, figure 6 , nucleus formation occurs when the cluster size exceeds n* and its energy is kT units below AG*. Smaller clusters and AG* is given by equation ( 1 ) and r* by equation (2) .
These expressions, those derived by Clemm and Fisher [I] , refer to the incoherent nucleus. While incoherent, grain boundary precipitates with this ideal morphology d o form, figure 7 , a more common morphology is the grain boundary allotriomorph which is structurally coherent or semicoherent with one grain, as shown in figure 2b. .) The incoherent interface, the lower one in figure 26, has the higher surface energy and, hence, a larger radius of curvature than the coherent boundary. Russell [5, 61 derives the following expressions for the semicoherent allotriomorph .
and equations (I 1) and (12) hold for f and r*. pap refers to the interfacial energy, of the coherent interface. If there is an elastic misfit at the coherent boundary then AG, should be replaced by AG,,+ 5 where 5 is the strain energy per unit volume. Once the semi-coherent nucleus has obtained a critical size, growth will occur by the propagation of the incoherent interface, for grain boundary diffusion to this interface is more rapid than volume diffusion to the coherent interface. Thus, although the precipitate nucleates in the grain with which it has an orientation relationship, it will grow into the grain opposite.
The third geometry of nucleus considered by
Russell [5, 63 is a flat disc of radius r a n d height h, figure 2c . This is the shape that be expected for effective wetting of the boundary, i. e. f(6) approached zero (Fig. 3 ). For this geometry Russell obtains the following expressions for the nucleation kinetics :
( 1 9)
where h is the edge energy, a,p the average of the upper and lower a -P boundary energies and V, the atomic volume.
Early experimental observations. -Toney and
Aaronson [13] made the first systematic study of the effect of boundary misorientation on grain boundary precipitation. Ferrite bicrystals containing simple tilt boundaries were used to study the .effect of increasing angles of tilt on the morphology of the allotriomorphs of austenite formed at the boundary. A variety of shapes were observed at low angles of tilt, but at angles greater than 11" the precipitates observed appeared to nucleate at the boundary and grow smoothly along them. The density of boundary precipitates increased as the angle of misorientation was increased and this was attributed to the progressive elongation of the allotriomorphs caused by grain boundary diffusion. A similar variation in precipitate morphology and distribution was observed by Clark 1141 in a study of the precipitation of y plates in thin foils of an Al-18 wt % Ag alloy using hot-stage transmission electron microscopy. At boundaries with a misorientation of less than 16" the y precipitates formed as plates and grew into the adjacent grains along { 11 1 }A, planes, while equiaxed allotriomorphs formed at boundaries with misorientations in excess of 16". The tendency for these allotriomorphs to impinge increased as the misorientation between the two grains became larger. Most of the allotriomorphs had a planar interface with the grain in which they were nucleated, and grew predominantly into the opposite grain by migration of their curved interface.
Results equivalent to those of Toney and Aaronson [13] and Clark [14] were obtained by Hawbolt and Brown [I51 in a study of the precipitation of the b. c. c. p phase from an Ag-rich solid solution of an Ag-5.9 wt % Al alloy. At boundary misorientations of < 17" primary sideplates [lo, 11, 121 formed, while at boundaries with misorientations of > 17" grain boundary allotriomorphs were observed. The number of allotriomorphs increased rapidly with supersaturation but appeared to be independent of grain boundary misorientation. Both the length and thickness of the allotriomorphs increased parabolically with time at growth rates independent of misorientation and in agreement with volume-diffusion control.
The first report of the preferential formation of a metastable phase, in preference t o the equilibrium precipitate, at special grain boundaries was by Vaughan [16] At most of these boundaries only one of the six possible orientations of 6' was observed: The orientation selected was always that with the c axis, the axis of greatest misfit, closest t o the boundary normal (this is also the orientation with zero misfit in the other two directions). An example of 6' precipitation at a boundary with a misorientation of 2.7" is shown in figure 8 . At grain boundaries with the grain in which they had nucleated and a faceted interface with the grain into which they were growing. In a later study of the same alloy 'Vaughan [I71 reported the formation of 6' at a few, isolated high-angle boundaries. vided the first direct evidence of the preferential precipitation of a metastable phase at both low-and high-angle grain boundaries and established that the details of the boundary/nucleus crystallography played an important role in determining precipitate nucleation rates. The sequence of precipitates observed in the defect-free matrix often involves the formation of a series of transition (intermediate) phases rather than the direct nucleation of the equilibrium precipitate ; this is particularly true in aluminium alloys [18, 191 where the first precipitate to appear is usually fully coherent and is followed by a semi-coherent intermediate phase or phases and, finally, by the incoherent equilibrium phase. The free energy barrier opposing nucleation of the equilibrium phase can be partially circumvented by the formation of a transition phase which is structurally more similar to the matrix than is the equilibrium phase, for, although the total change in AG, accompanying the precipitation of an intermediate p' phase is less than that associated with the formation of the equilibrium / 3 (Fig. lo) , the activation barrier opposing nucleation can be reduced. The precipitate sequence Which occurs in the matrix can be truncated at dislocations and grain boundaries where the first phase to form is often semi-coherent and incoherent, respectively. (Nicholson, reference [20] , Kelly and Nicholson, reference [18] ). At dislocations the misfit energy of the nucleus can be partially balanced by the strain energy of the dislocation, thereby reducing the barrier to nucleation of the intermediate phase (Cahn, reference [21] ). The preferential nucleation of the incoherent equilibrium phase at grain boundaries is due to both the ability of the boundary to accommodate the large structural misfit between the precipitate and the matrix and the availability, at least in high angle boundaries, of a large boundary energy which is available to assist the nucleation event.
Vaughan [16, 171 observed that one orientation of 6' was selected at each low angle boundary and that when the inclination of the boundary plane was varied the orientation of 0' chosen changed (Fig. 8) . This implied that the detailed crystallographic fit between the precipitate nucleus and one, or both, of the adjacent grains was an important parameter governing the nucleation of grain boundary precipitates. In his second paper [17] Vaughan proposed that the few high angle boundaries on which 8' was observed were normal high-angle boundaries -they did not contain a high coincident lattice site (CSL) density -and that the 6' precipitates which nucleated on them could form low-energy interfaces with both grains.
The themes of boundary crystallography and explanations of the observed variations in precipitate density from boundary-to-boundary have been the subjects of several detailed investigations. A number of these have attempted to correlate the variations in precipitate density with the structure of grain boundaries as expressed in the CSL theory 1221. The attraction of this approach is that the energy of the boundary can be calculated [23] (Fig. 11) and, hopefully, the precipitate nucleati0.n rate and final precipitate density will be amenable to prediction.
The proximity of individual boundaries to an orientation with a high density of CSLs, was one erg'cm2t ' of the parameters investigated by Unwin and Nicholson [24] in a study of the nucleation and initial growth of grain boundary precipitates in Al-6 wt % Zn-3 wt % Mg and AI-7 wt % Mg alloys. In both cases the effect of increasing the solution treatment temperature and/or the quenching rate was to increase the density of boundary precipitates. This was attributed to the segregation of solute to the grain boundaries during the quench, a result of the solute/vacancy binding energy and the flux of vacancies to the boundaries, and to an increase in the precipitate nucleation rate. The precipitate densities on all boundaries were reported to be similar at high solute supersaturations ; however at low supersaturations there was a large disparity in the precipitate morphology and density from one boundary to another. Unwin and Nicholson [24] tentatively attributed these variations to the coincident lattice structure of the boundary and, specifically, associated a high density CSL with a low precipitate density. In addition the grain boundary plane was reported to have an effect on the growth morphology of the precipitates.
The proposition that variations in precipitate morphology and nucleation were related to the variations in the CSL of the boundary was investigated by Hancock [25] in a study of the precipitation of Mz3C6 carbides at grain boundaries in an unstabilized stainless steel (composition 8.9 wt % Cr, 9.5 wt % Ni, 0.005 wt % C). The orientation relationships in terms of misorientation angles, coincident site density and proximity to twistltilt axes were determined for each boundary examined. A significant variation from boundaryto-boundary in the incubation time for precipitate nucleation was observed : after 20 hours at 650 "C one boundary in fifteen contained observable precipitates whereas after 170 hours only one boundary in forty was precipitate-free. However this variation could not be correlated with the boundary structure. Figure 12 shows the M23C6 precipitate distribution along a typical boundary investigated by Hancock [25] . There is a marked variation in precipitate density along the boundary with a complete lack of precipitates in the twinned region and an increase in precipitate density just before the twin boundary. Figure 13 shows a boundary within 0.5" of a 2 = 7 CSL ; as the boundary changes inclination there is a significant change in ~r e c i~i t a t e density. Hancock [25] did not find a correlation between the CSL density, the misorientation angle or the proximity to specific tiltltwist axes and the precipitate density. He concluded that the boundary inclination, as well as the boundary misorientation, must be an important parameter in determining precipitate densities (nucleation rates) in this alloy.
From the results of Vaughan 116, 171, Unwin and Nicholson [24] and Hancock [25] it is clear that the distributions of grain boundary precipitate are governed by both the boundary misorientation and the inclination of the boundary plane, and that both parameters must be monitored if a correlation is to be obtained between precipitate density and morphology and the boundary structure.
A systematic and thorough investigation of the correlation between grain boundary orientation and inclination and precipitate density has been carried out by Le Coze et al. [26, 27 , 281 using orientated bi-crystals of Al-3.9 wt % Cu containing symmetrical < 001 > and < 01 1 > tilt boundaries. An example of the variation in precipitate density observed by these authors is shown in figure 14 . At small supersaturations a higher density of precipitates were observed on CSL boundaries than on non-CSL boundaries. The variation in precipitate density with angle of tilt was not simple ; as can be seen from figure 14, for symmetrical < 001 > tilt boundaries the minimum precipitate density was This form of quantitative information, preferably in conjunction with data of the crystallographic orientation relationships between the grains and the precipitate, is exactly what is required if the details of grain boundary precipitation are to be unravelled. 4. Recent experimental and theoretical studies.
Recent experiments and theoretical investigations have concentrated on determining the relationship between the boundary structure and the crystallography of the precipitate phase. The role of special CSL boundaries on precipitate nucleation has been discussed by Pumphrey [29] . He concluded (as had Hancock, reference [251) that it was the interfacial plane of the boundary, rather than defects characteristic of a specific CSL orientation, that was the important parameter in determining precipitate nucleation rates, and that, when low energy precipitatelmatrix interfaces coincide with the boundary plane, precipitate nucleation 'will be favoured. In a discussion of the paper of Pumphrey [29] , Clough et al. [30] , while disagreeing with some of the steps in Pumphrey's argument, agreed in principle with his conclusion, but proposed that it should be broadened to the smaller the angle between low energy precipitate/matrix interfaces and the boundary plane, the more will precipitate nucleation be preferred.
The note by Clough et al. [30] refers to an intensive theoretical investigation which Aaronson and his colleagues are carrying out into the effects of crystallography on precipitate nucleation [31, 32, 331. Lee and Aaronson [31] have used a modified form of the Gibbs-Wulff construction to obtain equilibrium shapes of nuclei at grain boundaries, grain edges and grain corners. This technique has then been used to investigate the equilibrium shape of faceted and unfaceted nuclei in the matrix and at grain boundaries. Figure 15 shows examples of the geometries of faceted nuclei which have been investigated at grain boundaries. Once the equilibrium shapes of these nuclei were determined, the ratios of the free energy of activation for nucleation of faceted nuclei relative to that of unfaceted nuclei were calculated. Figure 16 shows the variation in this ratio with the variation in cp, the contact angle between the facet on the nucleus and the grain boundary plane. The very significant result of this analysis is that the free energy of activation for nucleation is found to decrease as cp decreases, ultimately falling to zero (Fig. 16) . Thus, if a facet on the nucleus of a geometry similar to that shown in figure 15 (which will usually correspond to the broad face of a plate-shaped precipitate) makes a small angle with the boundary plane, precipitate nucleation will be highly favoured.
The analysis by Lee and Aaronson [3l, 331 explains many of the experimental observations concerning the selectivity of precipitate nucleation at grain boundaries, and in particular, explains the precipitation sequence at 240 "C for ageing times of 0, 50, 100 and 750 seconds. The precipitate density can be seen to vary with boundary orientation from the earliest ageing times, indicating a variation in nucleation efficiency along the boundary. The rate of coarsening of boundary precipitates appears, from preliminary investigations, to be the same for a given boundary and independent of its inclination, but varies with boundary misorientation. The coarsening data taken from two boundaries with misorientation~ of 19" and 55" is shown in figure 18 ; the coarsening rate of the precipitates on the 55" boundary is approximately 5 times that of the 19" boundary, although both agree with the (time) Extended growth of precipitates, from the plane of the boundary into the matrix and, in particular, the details of the propagation of coherent and semi-coherent precipitatelmatrix interfaces, is the topic for a complete paper. Excellent reviews of this subject have been written by Aaronson, Laird and Kinsman [39] and Aaronson [40] .
The discontinuous, or cellular, reaction is nucleated at grain boundaries and then propagates by the migration of the grain boundary plane. Considerable debate has taken place over the details of the nucleation process, e. g. the puckermechanism of Tu and Turnbull [41] . Recently in situ HVEM studies have been carried out on Al-Zn alloys by Swann and his colleagues [42, 431 which have enabled the nucleation and growth of individual colonies to be monitored. The nucleation of the cellular reaction at a grain boundary and the subsequant advance of this reaction into a matrix wh'ich has already decomposed by a continuous reaction is of particular interest, for not only is the matrix strength dramatically reduced, but the alloy may be severely embrittled as well. Figure 19 is from the work of Saunderson [44] and shows the initial stages of the cellular reaction in a Cu-45 wt % Ni-10 wt % Cr alloy. The matrix has decomposed by a spinodal mechanism, and coarsened to form an interconnected, scaffold structure, which has excellent mechanical properties and shows a marked resistance to coarsening. The onset of the cellular reaction is accompanied by a decrease in both mechanical properties and microstructure stability. 5 . Discussion. -In many alloys the initial density of grain boundary precipitates is very high, typically a few tens to a few hundreds of particles per square micron of boundary, and it is essential to use transmission electron microscopy to investigate the early stages of growth and coarsening. It is possible . t o determine the variation in size and shape of the average precipitate by examining boundaries in samples which have been heat treated and thinned. This was the technique used by Unwin and Nicholson [24] in their study of an Al-Zn-Mg alloy where they found that the boundary precipitates grew and coarsened more rapidly than those in the matrix, and that precipitation proceeded in three distinguishable stages :
(i) nucleation and early growth, when boundary kinetics' predominated, (ii) thickening, when matrix diffusion played a major role, and (iii) coarsening when there was a linear relationship between particle radius and (time)'I4.
The effects of lattice vacancies on matrix precipitate nucleation has been investigated both theoretically [45, 461 and experimentally [47, 48, 491. However, very little consideration has been given to the role of vacancies on grain boundary precipitation. Unwin and Nicholson [24] attributed the increase in the precipitate density at grain boundaries in Al-Zn-Mg and Al-Mg alloys, which accompanied an increase in the solution treatment temperature, to segregation of solute to the grain boundaries. These observations could also be explained by considering the effect of a high flux of vacancies into, or along, the grain boundary on the nucleation rate. The high vacancy-flux accompanying a quench from a high solution treatment temperature could increase the nucleation rate through its effects on p* (eq. 6 ) . If the boundary precipitate nucleus is coherent or semi-coherent, then an increase in the vacancy supersaturation could also reduce AG* through its effect of increasing AG, (eq. 15 or 20). If variations in the vacancy flux, to, or in the vacancy supersaturation at, boundaries due t o changes in the quenching rate, can be related to the efficiency of grain boundary precipitate nucleation, this may prove to be a practical method of modifying grain boundary precipitate distributions.
Phase transformation in silicate minerals have recently come under the scrutiny of electron microscopists (for a review on phase transformations in silicates see Champness and Lorimer, reference [ S O ] . T h e precipitate distributions observed in silicates are often similar in scale to those observed in metals due to a fortunate combination of time and cooling rates : heat treatments are typically lo6 times longer in natural minerals than in metals, but diffusion rates, D, are about lo6 times slower ; the scale of the resulting microstructure, which is roughly proportional to a, is the same. Most of the precipitation phenomena observed in metals have been recognised in minerals, e. g. G. P. zones and other transition phases, spinodal decomposition, preferential nucleation at dislocations and grain boundaries, albeit sometimes simplified or complicated by the non-cubic crystallography. An interesting example of precipitation at a low-angle boundary in an orthopyroxene ( I ) is shown in figure 20 . The lamellar precipitates are a Ca-rich monoclinic transition phase with a -9.6 A, and the b and c lattice parameters similar to the matrix [Sl, 521. This organ-pipe phase distribution appears to be an example of stress-assisted (autocatalytic) nucleation, where the elastic stresses associated with the growth of the first lamella has triggered the nucleation of the second, growth of the second has triggered nucleation of the third, and so on.
Figure 12 may also show an example of stressassisted nucleation at a grain noundary. The nucleation of the M23C.5 carbides adjacent to the twin boundary may be assisted by a stress concentration at the twin-grain boundary interface following quenching. G. LQRIMER : Yes, there is a possibility of detecting a crystallographic nucleus using FIM techniques, although the probability will be low because of sempling difficulties.
6.
A mose fruitful approach may be to determine boundary orientations and inclinations, as well as the crystallographic orientation of the precipitate and matrix grain. This data can then be examined to determine crystallographic matching and correlated with precipitate density and the character of the grain boundary.
B. RALPH: I have two comments on you presentation.
Firsty I believe that it is the non-equilibrium composents of boundary structure (i. e. extrinsio dislocations and topographical discontinuities) which are the major precipitate nucleation sites. In my opinion the main role of the intrinsic structure is in controlling growth coarsening via diffusion
